Phylogenic association between bacteria living under harsh conditions can provide important information on adaptive mechanism, survival strategy and their potential application. Indigenous microorganisms isolated from toxic refinery oily sludge with ability to degrade a diverse range of hydrocarbons were identified and characterized. The strains including Pseudomonas aeruginosa RS1, Microbacterium sp. RS2, Bacillus sp. RS3, Acinetobacter baumannii RS4 and Stenotrophomonas sp. RS5 could utilize n-alkanes, cycloalkanes, polynuclear aromatic hydrocarbons (PAHs) with 2-4 rings and also substituted PAHs as sole substrate. The phylogenetic position of Bacillus sp. RS3 and Pseudomonas sp. RS1 was tested by applying the maximum likelihood (ML) method to the aligned 16S rRNA nucleotide sequences of PAH and aliphatic hydrocarbon degrading strains belonging to the corresponding genus. The base substitution matrix created with each set of organisms capable of degrading aromatic and aliphatic hydrocarbons showed significant transitional event with high values of transition: transversion ratio (R) under all conditions. The guanine-cytosine (GC) content of the hydrocarbon degrading test strains was also found to be highest for the clade which harbored them. The test strains consistently occupied a distinct terminal end within the phylogenetic tree constructed by ML analysis. This study reveals that the refinery sludge imposed environmental stress on the bacterial strains which possibly caused significant genetic alteration and phenotypic adaptation. Due to the divergent evolution of the Pseudomonas and Bacillus strains in the sludge, they appeared distinctly different from other hydrocarbon degrading strains of the same genus.
Introduction
Understanding physiology and survival of microorganism under harsh environmental conditions is an interesting topic of research for environmental microbiologists. The influence of environment on the fitness of a microorganism solely depends on genes and functional elements such as regulatory regions and they are governed by a process of natural selection (Doolittle 2013) . Microorganisms living in harsh conditions may exhibit traits that are beneficial for their survival in such environments through a process of natural selection. For example, microorganisms in oily sludge exposed to various hazardous and toxic chemicals (Li et al. 2014 ) may develop the ability to utilize these hydrocarbons and survive through a process of natural selection. Various researchers have isolated oil/hydrocarbon degrading organisms from oily sludge (Joseph and Joseph 2009; Calvo et al. 
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2004) where they have evolved specific mechanisms for hydrocarbon uptake, such as production of biosurfactant. In one study, Pseudomonas sp. and Bacillus sp. isolated from oil sludge were reported to reduce total petroleum hydrocarbons (TPH) from 63 to 84% within 6 weeks (Ayotamuno et al. 2007) . A microbial consortium composed of Pseudomonas aeruginosa and Rhodococcus sp. isolated from soil polluted with oily sludge demonstrated 90% degradation of hydrocarbons within six weeks (Cameotra and Singh 2008) . However, none of these studies emphasized the potential of microbial strain isolated from oily sludge in degradation of diverse hydrocarbons and possible adaptive machinery due to prolonged exposure to hazardous toxic chemicals.
In most of the cases evolutionary theory assumes that mutations are random with respect to the adaptive values, however, this does not always hold true in all respects (Keller et al. 2007 ). For instance, the percentage of mutation in species with large genome size is more than in species with small genome (Zhang and Zhao 2004; Gojobori et al. 1982; Bulmer 1986; Hess et al. 1994) . To minimize these confounding effects of natural selection, the non-coding sequences such as pseudogenes (Petrov and Hartl 1999; Weinert et al. 2009; Case et al. 2007 ) and copies of transposable elements (Bensasson et al. 2001 ) are being studied by several groups. Among bacteria, the evolution and diversity of Rickettsiales was investigated by finding substitution of base using the 16S rRNA sequence (Perna and Kocher 1996) . The sequence of 16S rRNA gene was used as a phylogenetic marker at the subspecies level by maximum likelihood method in Escherichia coli and Shigella flexneri (Lassalle et al. 2015) . This approach supports the process of molecular evolution as it is freed from selective constraints of natural selection and elucidate equal substitution rate at all three codon positions, frameshift mutation and the stop codon positions (Vasileva-Tonkova et al. 2001) . Interestingly, a substitutional bias toward transition was observed in several housekeeping genes sequenced in multiple strains of E. coli and S. enterica. The ratio of transitions to transversions was found to be approximately 2.5:1 (Francino et al. 1996) . Another study by Casane et al. (1997) showed that as in genomic DNA of the nucleus, the newly inserted sequences also tend to evolve towards higher guanine-cytosine (GC) content. Recent studies by Lassalle et al. (2015) suggested a mysterious force that favors high GC content in bacteria. A positive correlation between GC content and intra genic recombination were observed in most bacterial species. The possible mechanism was documented as GC biased gene conversion over the course of genome evolution. This phenomenon was also observed in yeast during the process of meiosis where it actively promoted fixation of deleterious alleles (Galtier et al. 2009; Necşulea et al. 2011) . Selection of organisms is promoted by favoring GC nucleotides at polymorphic sites during the conversion of intermediates of recombination (Webster and Hurst 2012) . In contrast, Hildebrand et al. (2010) reported excess of G+C to adenine + thymine (A+T) mutations even when datasets with evidence of recombination was removed. Interestingly, various factors, such as growth temperature, environment, availability of oxygen and nitrogen affect the genomic GC content in bacteria and therefore the mutational bias (Foerstner et al. 2005; Sueoka 1988) . Although the exact nature of selective advantage conferred is unclear, one of the major benefits is facilitation of more complex gene regulation (Smardaa et al. 2014; Rocha and Feil 2010; Raghavan et al. 2012) .
The current study reports isolation of bacterial strains from oily sludge with ability for degradation of diverse hydrocarbons. Subsequently, the phylogenetic distribution, nucleotide base substitution matrix and GC content evolution of two such bacterial strains isolated from refinery sludge were examined in comparison to strains with similar features reported earlier.
Materials and methods

Source of oily sludge
Oily sludge was obtained from the weathering pit in a petroleum refinery, Bharat Petroleum Corporation Limited (BPCL), Mumbai, India in August, 2010. The oily sludge was stored at 4 °C and the sludge samples were dried, homogenized and sieved manually before use.
Isolation and characterization of indigenous cultures from oily sludge
1 g of the oily sludge was mixed with 9 mL of distilled water and subjected to repeated tenfold serial dilutions followed by spread plating on sterile nutrient agar plates so as to determine the microbial load present in oily sludge. Preliminary biodegradation studies indicated microbial activity in uninoculated control flasks containing oily sludge suspended in mineral media possibly due to the presence of indigenous cultures present in the oily sludge (Jasmine and Mukherji 2015) . Aliquots withdrawn from such control flasks over time plated on nutrient agar plates consistently demonstrated presence of colonies (Jasmine and Mukherji 2015) . The predominant and distinct colonies that consistently appeared in these plates were isolated through multiple transfers and characterized. The strains were classified by differential Gram staining method (Cappuccino and Sherman 2007) , 3% KOH test (Halebian et al. 1981) followed by characterization based on the presence or absence of catalase and oxidase enzymes, carbohydrate fermentation tests using phenol red broth and triple sugar iron (TSI) agar. Metal tolerance levels of the indigenous strains were also performed using a modified Kirby-Bauer disc diffusion method (Molina et al. 2011) . Identification of the indigenous strains was further performed through 16S rRNA sequencing using universal primers 518F (5′-CCA GCA GCC GCG GTA ATA CG-3′) and 800R (5′-TAC CAG GGT ATC TAA TCC -3′) (Macrogen, Inc. South Korea). The forward and reverse sequences of all the selected indigenous strains were identified using Basic Local Alignment Tool (BLAST) that showed maximum percent homology match with existing sequences in the NCBI database. Evolutionary analysis for each of the strains was performed using MEGA ver.5 (Tamura et al. 2011 ) and bootstrap consensus phylogenetic trees for each of the strains were constructed. The evolutionary history was inferred using the neighbor-joining method (Saitou and Nei 1987) . The bootstrap consensus tree inferred from 1000 replicates was taken to represent the evolutionary history of the taxa analyzed (Felsenstein 1985) . The evolutionary distances were computed using the p-distance method (Nei and Kumar 2000) and were expressed in units of the number of base differences per site. The analysis involved 23, 13, 16, 13 and 21 nucleotide sequences for strains RS1, RS2, RS3, RS4 and RS5, respectively. All ambiguous positions were removed from each sequence pair. There were a total of 1569, 1906, 1876, 1866 and 1931 positions for RS1, RS2, RS3, RS4 and RS5, respectively, in the final dataset.
Growth studies of indigenous cultures from oily sludge on various hydrocarbons
Growth studies of the indigenous microorganisms isolated from oily sludge was performed using various hydrocarbons, i.e., n-hexadecane, n-octadecane, n-nonadecane, docosane, the 2-ring polynuclear aromatic hydrocarbons (PAHs), naphthalene and 1-methyl naphthalene, the 3-ring PAHs, anthracene and phenanthrene and the 4-ring PAHs, fluoranthene and pyrene as sole source of carbon and energy. Separate flasks were kept for each of the substrates and for each of the strains. Solid hydrocarbons (100 mg/L each of n-octadecane, n-nonadecane, docosane, naphthalene, fluoranthene, anthracene, phenanthrene and pyrene) and 200 mg/L of liquid hydrocarbons (n-hexadecane, cyclohexane, 1-methyl naphthalene, decalin) were added as sole source of carbon and energy in separate 500 mL flasks containing 100 mL mineral media. The choice of hydrocarbon concentration and experimental set-up for the growth studies were as discussed by other researchers (Jeswani and Mukherji 2013; Ghosh et al. 2014) . The aqueous solubility of these hydrocarbons is so low that they cannot support microbial growth when present below their solubility limit. At a higher concentration, the surface area of the hydrocarbon present as insoluble solid or non-aqueous liquid is higher. This facilitates uptake of hydrocarbons and microbial growth by enhancing the dissolution rate for microbes that take up hydrocarbons from the aqueous phase after dissolution. For microbes that utilize hydrocarbons via direct interfacial uptake, a higher concentration provides greater area on which microbes can attach and thus enhances the growth rate (Mohanty and Mukherji 2012) . The mineral media was prepared as described by Mukherji et al. (2004) (0.142). The experimental flasks containing 100 mL mineral media were inoculated with the desired strain grown up to late log phase (5 mL of inoculum adjusted to unit absorbance). Two set of controls were maintained, un-inoculated controls and controls without the hydrocarbon substrate. The un-inoculated controls were not inoculated and only contained the hydrocarbons added to mineral media while the controls without substrate had only inoculum added to the mineral media. The experimental and control flasks were incubated in a rotary shaker operated at 150 rpm and 35 °C. At regular intervals, bacterial growth was monitored by recording the increase in absorbance at 600 nm using a visible spectrophotometer and the increase in colony forming units (CFU)/mL was determined by plating on nutrient agar plates.
Molecular phylogenetic analysis of bacterial strains
Among the various strains identified, one Gram negative organism, i.e., Pseudomonas aeruginosa and one Gram positive organism, i.e., Bacillus sp. were chosen for further bioinformatics study since aliphatic and aromatic hydrocarbon degraders in these two genus are widely reported in the literature. An attempt was made to compare the strains isolated from oily sludge in this study with other strains in each of these genus reported to degrade aliphatic hydrocarbon (n-hexadecane) and the high molecular weight (HMW) PAH (pyrene) with respect to phylogenetic positioning, sequence substitution divergence and GC content evolution. 16S rRNA sequence of seven previously reported Bacillus sp. and five Pseudomonas sp. with potential for pyrene degradation were collected from the Genbank (Tables 1, 2) . Similarly, sequence of four previously reported Bacillus sp. and five Pseudomonas sp. with potential for n-hexadecane/ oil degradation were also obtained (Tables 1, 2 ). The 16S rRNA sequence of the first 3-5 neighboring hits for each strain mentioned in Tables 1 and 2 were obtained by BLAST analysis (Identity match > 99%). Two most widely studied and cited strains namely Pseudomonas aeruginosa PAO1 and Bacillus subtilis subsp. 168 (Vasileva-Tonkova et al. 2001; Stover et al. 2000) were selected as outgroup and were used as root for constructing the trees. The nucleotide sequences of each set were aligned using DNA Clustal X (2.1) and gap filling was done manually using SEAVIEW (64bit) (Gouy et al. 2010) .
Maximum likelihood (ML) phylogenetic criteria
Out of the six models available in MEGA-6, the model with the lowest Bayesian Information Criterion (BIC) score (Tamura-Nei Model) was selected with the best considered substitution pattern for construction of the phylogenetic tree (Tamura et al. 2011) . A discrete Gamma distribution (Γ) with 5 rate categories to model the non-uniformity of evolutionary rates was used and all positions containing gaps and missing data were completely eliminated. A fraction of the sites was assumed to be invariable during evolution (+ I) and the total sum of base substitution was made equal to 1 for each computation. The ML tree was constructed with 1000 bootstrap replicates in MEGA6. The tree was rooted with the outgroup reference strain (R). All pyrene and hexadecane degrading strains are designated with "T" as type strain within the phylogenic tree and laboratory isolate Bacillus sp. RS3 and P. aeruginosa RS1 are referred as test strain.
Estimation of transition/transversion bias and determination of GC content
The rate of substitution among the retrieved sequences or transition/transversion bias in the two bacterial genera for degradation of the two hydrocarbons along with their neighbors was estimated in MEGA6 using maximum composite likelihood (MCL) method (Tamura et al. 2011 ) by fitting the Tamura-Nei model. The probability of substitution (r) of one base with another yielded by the software was tabulated for each set of sequence and % substitution by transition and transversion were calculated and expressed in the form of pie charts.
Measuring the variation in GC content is a major issue in genetics as genomic base composition contributes to the fitness of organisms such that characterizing the base composition is essential for reliable detection of selection (Lassalle et al. 2015) . For estimation of GC content in various clades Pyrene ( Heptane, kerosene and paraffin oil, cotton seed oil Joshi et al. (2008) generated by the ML tree, the average %GC content of all the members in a clade was determined. The ratio of GC content with respect to the reference strain were calculated by first subtracting the clade with minimum GC content from each clade and also from that of the reference strain.
Results
Identification and characterization of indigenous strains isolated from oily sludge
The refinery oily sludge revealed presence of a wide variety of microorganisms with an initial microbial load of 6.12 × 10 9 CFU g −1 . The microbes associated with the sludge were capable of degrading the oil associated with sludge under favorable conditions (Jasmine and Mukherji 2015) . Some of the microorganisms were selectively isolated for their consistent re-occurrence during oily sludge biodegradation studies. These isolated bacterial strains were grown and maintained in 0.5% (w/v) extracted oil derived from the sludge. Characterization of the strains, RS1, RS2, RS3, RS4 and RS5 was performed based on colony morphology, size and shape, sugar assimilation characteristics and catalase and oxidase reaction. The results are shown in Table S1 & S2. All the indigenous bacterial strains showed good tolerance to a wide variety of metals, such as, Al, Mg, K, Na, Ca, Zn, Ni, Cu, Co, Bi, Fe and Pb (5-500 ppm) (Table S3 ). Sequence analysis of 16S rRNA gene followed by NCBI-BLAST revealed the strains RS1, Fig. 1 . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The trees were drawn to scale, with branch lengths in the same units as those of evolutionary distances used to infer the phylogenetic tree.
Growth studies of indigenous bacterial strains on various hydrocarbons
The ability of indigenous bacterial strains to utilize specific petroleum hydrocarbons belonging to various groups as sole substrate, i.e., n-alkanes, cycloalkanes and PAHs was evaluated (Figs. 2a-f and 3a-f). Since the mineral media did not contain any carbon source, it is not expected to support growth of these heterotrophic bacteria. Thus, growth in the experimental flasks is indicative of the ability of the strains to utilize the hydrocarbon provided as both electron donor and carbon source. No increase in absorbance at 600 nm was observed in any of controls devoid of hydrocarbon substrate. All the strains could readily utilize n-hexadecane and n-octadecane as sole substrate and end of log phase was reached within 8 days. The extent of growth on n-alkanes was much higher than on the cycloalkane, cyclohexane. Similarly, although the strains could grow on 1-methyl naphthalene, the extent of growth was low in comparison with other substrates. Previous studies with oil extracted from oily sludge had also confirmed the ability of these strains to grow on and degrade oil present in oily sludge as sole substrate (Jasmine and Mukherji 2015) . The hydrocarbons used in this study are present as components in the oil extracted from sludge as confirmed through GC-MS analysis (Jasmine and Mukherji 2015) . Pseudomonas aeruginosa, Bacillus sp., Acinetobacter baumannii and Stenotrophomonas sp., i.e., all strains other than the Microbacterium sp. showed remarkable ability for uptake of a wide range of compounds, i.e., 2-, 3-and 4-ring PAHs (naphthalene, anthracene, phenanthrene, fluoranthene and pyrene); cycloalkanes (decalin and cyclohexane) and substituted naphthalenes (1-methylnaphthalene). These strains could also utilize crude oil and extracted oil from sludge as sole substrate .
Construction of evolutionary phylogenetic tree and clade analyses
Phylogenetic tree was constructed with known sequence of hydrocarbon degrading microorganisms capable of utilizing either the PAH, pyrene, or the aliphatic hydrocarbon n-hexadecane as sole source of carbon. This analysis was done to determine the relatedness amongst various strains of Pseudomonas sp. and Bacillus sp. reported to degrade pyrene or n-hexadecane. One Gram positive Bacillus sp. and one Gram negative Pseudomonas sp. were chosen to understand the systematic distribution and evolutionary distance between strains isolated from sludge and known strains with potential for utilizing similar hydrocarbons. The phylogeny of the 16S rRNA gene sequence of 52 Bacillus strains were placed in five different clusters (Fig. 4a) . The strains included seven pyrene degrading strains, one outgroup reference strain Bacillus subtilis 168, the test strain Bacillus sp. (Table 1 ) and 43 neighboring strains obtained from the Genbank. The tree was rooted with the outgroup reference strain Bacillus subtilis 168. It is interesting to note that most of the PAH degrading strains were isolated from crude oil-contaminated soils. Clade I and II were further segregated into two sub-clades resulting in a total of seven clusters. The pyrene degrading strains were distributed across distinctly separate clades. The test strain Bacillus sp. RS3 was placed in the terminal end among all clades and it showed the most divergent sequence compared to others in the tree. The closest strain Bacillus sp. PK-12 was found to be placed in a separate sub-clade showing the unique characteristic of Bacillus sp. RS3 among pyrene degrading Bacillus sp. For the n-hexadecane degrading strains, slightly different distribution was observed. 16S rRNA gene sequence of 30 Bacillus strains were plotted to construct the phylogenetic tree. The strains were found in two different clusters (Fig. 4b) . The strains include n-hexadecane degrading Bacillus strains, one outgroup reference strain, Bacillus subtilis 168, one test strain Bacillus sp. RS3 (Table 1 ) and 23 neighboring strains obtained from the Genbank. The tree was rooted with the outgroup reference strain, Bacillus subtilis 168. It is interesting to note that in case of Bacillus sp., all n-hexadecane degrading organisms were found to exist within two clades as opposed to the set of pyrene degrading Bacillus strains. Notably similar to the tree for the set of pyrene degrading Bacillus sp., the test strain Bacillus sp. RS3 was also found in the terminal position in the tree for n-hexadecane degrading strains.
Similarly, the phylogeny of the 16S rRNA gene sequence of 36 Pseudomonas strains were placed in five different clusters (Fig. 5a ). The strains include the five pyrene degrading strains, one outgroup reference strain Pseudomonas aeruginosa PAO1, one test strain Pseudomonas aeruginosa RS1 (Table 2 ) and 35 neighboring strains obtained from the Genbank. The tree was rooted with the outgroup reference strains Pseudomonas aeruginosa PAO1. Here the Clade II was further segregated into two sub-clades resulting in a total of five clusters. The PAH degrading strains were distributed across the various clades except Pseudomonas aeruginosa strain SP4, P. aeruginosa strain M and Pseudomonas sp. Pyr41 were found to be present in Clade I. Strikingly similar to Bacillus sp. RS3, the test strain P. aeruginosa RS1 was also found to be placed at the terminal end of the phylogenetic tree and showed maximum divergence. The sequence of hexadecane/oil degrading Pseudomonas strains was placed in four different clades (Fig. 5b) . The strains include six n-hexadecane degrading strains, one outgroup reference strains P. aeruginosa PAO1, one test strain P. aeruginosa RS1 (Table 2 ) and 30 neighboring strains obtained from the Genbank. The tree was rooted with the outgroup reference strain, P. aeruginosa PAO1. The Clade I and III were further segregated into two sub-clades resulting in a total of six clusters. P. aeruginosa RS1 was also found at the terminal end among the aliphatic hydrocarbon degrading strains of Pseudomonas sp., however, the bootstrap support was relatively low.
Maximum likelihood matrix of substitution matrix
Maximum likelihood matrix of substitution was obtained using MEGA6 where each entry is the probability of substitution (r) of one base (row) with another expressed as percentage. Substitution pattern and probabilities were estimated using the Tamura-Nei (1993) model (Tamura et al. 2011; Tamura and Nei 1993) . A discrete Gamma distribution was used to model the evolutionary rate differences among the sites (5 categories, +G). For the combination of strains harboring Bacillus sp. RS3 capable of degrading pyrene and their neighboring strains, the nucleotide frequencies were A = 24.50%, T/U = 20.80%, C = 21.54%, and G = 33.16% (Table S4 ). The estimated transition/transversion bias (R) is 1.29 (Fig. 6 ). The maximum log likelihood for this computation was − 1127.292. The analysis involved 52 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 336 positions in the final dataset. In contrast, for the combination of strains including the test strain Bacillus sp. RS3 with its neighbors comprising of aliphatic hydrocarbon/oil degraders the change in nucleotide frequencies were A = 24.74%, T/U = 21.53%, C = 24.06%, and G = 29.67% (Table S4 ).
The maximum log likelihood for this computation was − 443.875. The analysis involved 30 nucleotide sequences. There were a total of 272 positions in the final dataset. Notably the estimated transition/transversion bias (R) was 3.08 (Fig. 6) . Similarly for the PAH degrading Pseudomonas sp. RS1 and neighboring strains, the nucleotide frequencies were A = 25.51%, T/U = 20.77%, C = 22.72%, and G = 30.99% (Table S4 ). The maximum log likelihood for this computation was − 1455.758. The analysis involved 36 nucleotide sequences. There were a total of 827 positions in the final dataset. The estimated transition/transversion bias (R) was 1.44 (Fig. 6) . In contrast, with aliphatic hydrocarbon degrading neighbors of the same strain, the nucleotide frequencies were A = 25.99%, T/U = 21.77%, C = 21.43%, and G = 30.82% (Table S4 ). The maximum log likelihood for this computation was − 1255.652. The analysis involved 37 nucleotide sequences. There were a total of 385 positions in the final dataset. Here the estimated transition/transversion bias (R) is 1.42 (Fig. 6) .
GC content evolution
The GC content of individual clades harboring the test strains were calculated in comparison to reference strain. The ratio of GC content with respect to the reference strain were calculated by first subtracting the clade with minimum GC content from each clade and also from that of the reference strain as shown in Eq. 1. In case of the combination of HMW-PAH degrading Bacillus sp. the GC content was found highest (55.55%) in Clade I holding the test strain Bacillus sp. RS3. The ratio of GC content of the same clade with respect to reference strain was also the highest (1.76) in comparison to other clades (Fig. 7) . Similarly for the aliphatic hydrocarbon/oil degrading Bacillus sp. and its neighbors, the GC content was found higher in the clade harboring the Bacillus sp. RS3 (55.27%) (Fig. 7) . The GC content ratio for the Bacillus sp. RS3 and its neighboring strains could not be determined since the strains were only distributed in two clades.
However, for the HMW-PAH degrading Pseudomonas sp., the GC content of the clade holding the test strain Pseudomonas sp. RS1 was comparable with its neighboring clade (54.27%). The ratio of GC content with respect to reference strain was also higher at (1.06) among these clades (Fig. 7) . In contrast, for the combination of aliphatic hydrocarbon degrading Pseudomonas sp., the GC content for the clade harboring the test strain Pseudomonas sp. RS1 was found to be the highest (55.2%). The ratio of GC content with respect to reference strain was also found to be the highest at 1.52.
Discussion
Over the past few decades, evolution of bacterial populations has been detected and documented in various ways. The advancement in sequencing technologies and computational bioinformatics has made it feasible to study variation in the whole-genome sequence and detect all changes by position within the genome from a single nucleotide change to largescale insertions and deletions (Bryant et al. 2012) . Change in environmental condition may lead to evolution of the bacterial genome by altering the mutation rate (Carja et al. 2014) . In bacteria, stress can increase the mutation rate/frequency by inducing mutagenic mechanisms, such as the SOS transcriptional response or contingency loci (Bjedov et al. 2003) . Interestingly, point mutation results in selective advantage in bacteria and can easily be compared with genomes of neighboring strains identified by constructing phylogenetic relationships and measuring the evolutionary pressures (Bryant et al. 2012) . A probabilistic model for evolution of DNA sequence data leads to the process of branching and construction of evolutionary tree which also measures the changes in DNA sequence along the tree (Felsenstein 1981) . Maximum likelihood approach based on MEGA-6 facilitates sequence alignment, phylogenetic tree reconstruction and visualization for testing an array of evolutionary hypotheses as desired by researchers (Bryant et al. 2012 ). In the current study, phylogenetic relationship of diverse hydrocarbon degrading bacterial strains isolated from refinery sludge were compared with known test strains with potential for degradation of either aliphatic hydrocarbon/oil or HMW PAHs. The refinery sludge was found to contain an active indigenous microbial community that could achieve 45 ± 17% of degradation of oil over 30 days when nutrients were added (Jasmine and Mukherji 2015) . Presence of such intrinsic hydrocarbon degrading community in sludge has been widely reported in the literature, however, potential for degradation of hydrocarbons belonging to diverse groups by individual bacterial strains isolated from oily sludge/oilcontaminated sites is less commonly reported (Jeswani and Mukherji 2013; Mishra et al. 2001; Tahhan et al. 2011) .
In the present study, active indigenous microorganisms that showed significant degradation of oil associated with oily sludge were isolated and characterized. The predominant strains in the oily sludge were identified as Pseudomonas aeruginosa (RS1), Microbacterium sp. (RS2), Bacillus sp. (RS3), Acinetobacter baumannii (RS4) and Stenotrophomonas sp. (RS5). All the indigenous strains demonstrated remarkable ability for uptake of a wide range of compounds, n-alkanes, cycloalkanes (decalin and cyclohexane) and substituted naphthalenes (1-methylnaphthalene); 2-, 3-and 4-ring PAHs (naphthalene, anthracene, phenanthrene, fluoranthene and pyrene). These cultures could also utilize crude oil and extracted oil from sludge as sole substrate. Several strains of the genera Pseudomonas, Acinetobacter, Stenotrophomonas and Bacillus isolated from hydrocarbon-contaminated environments are reported to grow on and degrade aliphatic and aromatic hydrocarbons (Cameotra and Singh 2008; Mishra et al. 2001; Vasudevan and Rajaram 2001; Assih et al. 2002; Verma et al. 2006; Gallego et al. 2007; Thavasi et al. 2011; Cerqueira et al. 2011) . However, the role of Stenotrophomonas sp. and Microbacterium sp. on hydrocarbon degradation has not been extensively reported. Since not many hydrocarbon degrading strains of Stenotrophomonas sp. and Microbacterium sp. have been reported, DNA sequence data for strains of Stenotrophomonas sp. and Microbacterium sp. with hydrocarbon degradation ability in the NCBI database is limited such that evolutionary analysis could not be performed by construction of phylogenetic tree using ML method.
The phylogenetic analysis of isolated diverse hydrocarbon degrading bacterial strains with the known PAH or aliphatic hydrocarbon degraders presented relative distribution and unique characteristics of each combination under study. In case of the first combination of strains capable of utilizing PAHs, it was observed that the clade holding the Gram   Fig. 6 Percentage of transition and transversion base substitution measured by maximum likelihood estimate of substitution matrix pattern using the Tamura-Nei (1993) positive Bacillus sp. RS3 was isolated from the other clades harboring known PAH degraders. In contrast, the same strain was found to coexist with the clade holding known aliphatic degraders in the second combination. Interestingly, in both the cases the test strain Bacillus sp. RS3 was found positioned at the terminal end of the phylogenetic tree indicating its unique characteristics. The maximum log likelihood value among the PAH degrading strains were much higher (− 1127.29) compared to the aliphatic degrading strains (− 443), indicating that the sequences are better conserved in the latter compared to the former. Therefore, the numbers of clades harboring all the aliphatic hydrocarbon/oil degrading strains were only two indicating that base substitution rate and sequence divergence rate is much lower among aliphatics/oil degraders. In contrast, for the combination of PAH degrading Gram negative Pseudomonas sp., the maximum log likelihood was high (− 1455) for both the conditions and the strains were found to be distributed across the various clades. However, the sequence was found less conserved in case of Pseudomonas sp. compared to Bacillus sp. which could be due to low bootstrap score among these combinations. Notably for both groups, i.e., aliphatic hydrocarbon and PAH degrading strains, the test strain P. aeruginosa RS1 was situated in the terminal end and was characterized by the most divergent sequence indicating its unique phenotypic features.
The base substitution among the various sequences was further tested by maximum likelihood for substitution using the software MEGA-6. Interestingly in early works, the base substitution by transition and transversion was correlated with degree of sequence divergence (Stoltzfus and Norris 2016) . The transitional bias due to mutation occurs at instantaneous rates (Vogel and Kopun 1977) and acts on DNA observed in introns, pseudogenes, and other non-coding regions, such that this is evident across the entire genome (Li et al. 1985 ). In the current study, the maximum number of base substitution sites was found among the combination of PAH degrading Pseudomonas sp. and their neighboring strains (827 sites) with a transition/transversion bias (R) of 1.4. Whereas for the combination of PAH degrading Bacillus sp., the number of sites where base substitution occurred was lower (336) and the transition to transversion ratio was 1.28 indicating that sequence divergence was comparable with Pseudomonas sp.; however, sites where mutation by substitution took place was significantly lower. Strikingly for the combination of n-hexadecane degrading Bacillus sp. the number of sites where substitution took place was lower compared to the PAH degraders; however, most of the substitution was of transition type (76%) and transition/ transversion ratio was 3.04. This clearly suggests that the sequence of this particular set was better conserved as also evident from the fact that all strains were grouped in only two clades. Therefore, for all the combinations studied, Pseudomonas sp. was found to show the highest rate of base substitution by transition and unique phylogenetic position. Interestingly, for all the combinations, the rate of transition was higher compared to the rate of transversion; however, sequence divergence may also be affected by the number of sites where substitution took place. The results were further tested by quantifying the GC content in each cluster harboring the type strains (marked with "T" in the phylogenetic tree). Notably the sub-clade harboring the test strain Bacillus sp. RS3 revealed the highest GC content and higher GC ratio compared to the reference strain and other strains containing the PAH degrading Bacillus sp. Similar result was observed for the combination of aliphatic hydrocarbon degrading Pseudomonas sp. where the clade holding the test strain P. aeruginosa RS1 showed the highest GC content. However, among the combination of PAH degrading Pseudomonas sp. the clade harboring the test strain Pseudomonas aeruginosa RS1 showed relatively comparable GC content with other clades. In higher organisms, the evolution of GC content is driven by recombination as reported for analysis of polymorphism data and substitution patterns along genomes which tends to increase the probability of fixation of AT>GC mutations (Spencer et al. 2006) . Therefore, it is likely that in case of bacteria too, stress-induced mutation results in high rate of recombination as reflected in the 16S rRNA sequences of the strains isolated from oily sludge and such recombinations are possibly distributed throughout their entire genome as a result of evolution.
Conclusions
The indigenous microorganisms isolated from oily sludge showed tolerance to heavy metals predominantly found in oily sludge and could grow on a wide range of aliphatic and aromatic hydrocarbons present in oily sludge indicating remarkable degradation ability. The survival strategy of bacteria with environmental change results in adaptive evolution with dynamic change in phenotype and genotype. The toxic refinery sludge imposed environmental stress on the bacterial strains and this possibly caused significant genetic alteration and phenotypic adaptation. This resulted in divergent evolution of the Pseudomonas and Bacillus strains such that they appeared to be distinctly different from other hydrocarbon degrading strains of the same genus.
